Abstract
Introduction
UML class diagrams are one of the most popular visual presentations of software designs. A number of empirical studies have shown UML diagrams to be very useful during software maintenance [2, 4] . The research here focuses on how we perceive and comprehend class diagrams. Specifically, we are trying to understand how the use of stereotypes in combination with different layout strategies impacts comprehension. Stereotypes are a standard extension mechanism provided by the UML that allow users to define semantics on the notation thereby extending the language [3] .
Three class stereotypes are generally accepted and used: control, boundary, and entity [3] . A boundary class models the interaction between a system and the external world. Entity classes model persistent information in a system. A control class models the coordination and sequencing of other objects in the system. Class stereotypes are important in the process of understanding the role and importance of each class in a system as well as the whole system. In a pilot study [1] , conducted earlier, we found class stereotype based layouts to be a promising technique for further evaluation. Additionally, the usefulness of stereotypes for layout was assessed using eye-tracking [19] .
While neither of these previous studies was comprehensive or statistically conclusive, both seemed to demonstrate that stereotypes are potentially important for comprehension. In this paper, we continue this line of research by replicating the eye-tracking study [19] with an alternative methodology. A survey based evaluation is conducted with a larger sample and results are compared and contrasted to the eye-tracking study.
Section 2 describes the stereotyped layouts used. The experiment design is given in Section 3. Section 4 presents the results of the experiment. Related work and conclusions follow.
Focus of the Study
This paper addresses the following research question: Is there an improvement in the comprehension of UML syntax based tasks and design based tasks for the stereotyped class diagram layouts vs. layouts based on pure aesthetics? In this study, the class stereotype is identified by textual annotations (UML class stereotypes) and color. Stereotypes are shown above the class name enclosed within guillemets. Control, boundary and entity classes are colored red, green, and blue respectively. Due to space limitations, we direct the reader to [1] and [19] for examples of the layouts.
The orthogonal layout is the current best practice used in class diagram layout. The layout is based purely on general aesthetic criteria [6, 8, 10, 12, 13] such as minimizing edge crossings. This layout is used as a control in this experiment and does not use the class stereotype in layout. The three-cluster layout uses information about the class stereotype to position classes into three clusters, one for each stereotype. This layout is based on the architectural importance of each class in the system. The multi-cluster layout also uses information about the class stereotype to position classes into multiple clusters. Each cluster represents a cohesive unit where control, boundary and entity classes work together. This layout also depends on the types of relationships that exist between these classes. A cluster could represent a specific feature in the system. Color and stereotype annotations are also shown in orthogonal layouts to avoid any confounding factors in our analyses.
Experimental Design
The experiment seeks to analyze class diagram layouts primarily based on class stereotypes for the purpose of evaluating their usefulness in two categories of software comprehension tasks with respect to effectiveness (accuracy) and efficiency (time) from the point of view of the researcher in the context of students at Kent State University. See Table 1 for the experiment overview.
The main factor being analyzed is the layout of class diagrams. We also looked at secondary factors such as the subject's ability level and the task category (UML and design). The null hypotheses are outlined in Table 1 with alternative hypotheses easily derived from them. The experiment was conducted as a within-subjects design where all subjects were given all three treatments of the main factor i.e., class diagram layout. We used this to compare our results to the eye-tracking experiment that uses the same design.
Hippodraw, a statistical data analysis application (http://www.slac.stanford.edu/grp/ek/hippodraw/), is used as the subject system. It is written in C++ and Qt. Since Hippodraw does not come packaged with any design documents, we reverse engineered the class model using the srcTools framework [17] . The tasks used in this study are identical to the eye-tracking study [19] and we refer the reader there for detailed information. The subjects had to provide an answer to a total of 27 questions: 12 UML tasks and 15 design tasks. 
Null Hypotheses
H0u1: There is no significant difference in UML task comprehension between class diagrams based on the orthogonal layout vs. the three-cluster layout H0u2: There is no significant difference in UML task comprehension between class diagrams based on the orthogonal layout vs. the multi-cluster layout. H0d1: There is no significant difference in design task comprehension between class diagrams based on the orthogonal layout vs. the three-cluster layout. H0d2: There is no significant difference in design task comprehension between class diagrams based on the orthogonal layout vs. the multi-cluster layout.
The diagrams were manually engineered in a UML drawing editor using general aesthetic criteria [6, 8, 10, 12, 13] and stereotype information (in the case of threecluster and multi-cluster layouts). An example of a UML task could ask the subject to select all classes involved in dependency. A design task for example, could ask to select the class that a python wrapper uses to access data. Since this is a within-subjects study, the same task is not asked for more than one layout. Instead, similar questions were asked for the three layouts to eliminate learning bias.
We gathered 29 students (14 undergraduates and 15 graduates) to participate in this experiment at Kent State University. The subjects were informed that the purpose of the study was to understand how people interpret class diagrams. They were not aware of the hypotheses or layouts used. They were instructed to answer the questions from the point of view of a maintainer trying to understand the system.
We collected background information about design and programming skills, years of experience in programming and Hippodraw familiarity. All subjects (except 1) were not familiar with Hippodraw's design. The subjects' self assessment of programming and design skills is correlated with the accuracy of UML and design tasks in Section 4.
We used three online questionnaires to gather data. The first questionnaire collected background information about the subjects. The second questionnaire consisted of the actual study tasks. Each task (UML and design) was given a score which was used to calculate accuracy. The speed to complete each task was also recorded. Besides the accuracy and speed, we also collected a confidence level of the subject's answer for each task. The confidence level was on a Likert scale (1 to 5). Finally, a debriefing questionnaire collected data about task realism, clarity, understandability, difficulty, time allowed, helpfulness of class stereotypes and spatial concentration on layout.
A maximum time limit of one minute was allotted to each question. This kept subjects on task and replicated the timing of the eye-tracking experiment as close as possible. A couple of days before the experiment, subjects were asked to go through a class diagram tutorial. A short description of class stereotypes and their graphical representation was given. During the study, the following information was presented for each task: a question, answer choices and a class diagram in one of three possible layouts. The subjects were asked to refer to the diagram to choose an answer. The debriefing questionnaire was completed at the end of the study.
Experimental Results and Analyses
We first discuss the parts common to the eye-tracking study followed by results from this study.
The accuracy and speed of 12 UML tasks and 15 design tasks were analyzed. Figure 1 shows the accuracy for all subjects. Based on the performance (task scores) of subjects in answering the questions, we classified them into eight groups (See Table 2 ). This was also done in the eye-tracking study [19] . The main groups are: Agnostic (A), Inexperienced (I), Knowledgeable (K) and Expert (E). The UML knowledgeable (UK) category was not present in the eye-tracking experiment due to the small focus group of subjects in that study.
The Spearman rank correlation between self assessed design skills and design task scores (r s We also classified the UML and design questions based on the number of correct answers in each. UML questions that were answered correctly in the ranges of [0%, 59%), [59%, 69%), [69%, 76%), [76%, 100%) were classified as challenging, difficult, intermediate and easy respectively. All UML questions were classified as easy in the eye-tracking study. Design questions that were answered correctly in the ranges of [0%, 31%), [31%, 43%), [43%, 55%), [55%, 100%) were classified as challenging, difficult, intermediate and easy respectively. We used interquartile analysis to derive these ranges. Table 3 shows the question classification in this study. Regarding design questions, there is a 100% match in the challenging category when compared to the eye-tracking study, a 50% match in the easy and difficult category and a 25% match in the intermediate category. We use the question classification to generate a weighted score for UML and design tasks. Easy questions were given a lower weight and difficult questions were given a higher weight. The total weight equals 1. In the eye-tracking study, the classified questions were used to compare the effort needed based on the average number of fixations to determine layout performance. We determine layout performance based on accuracy as presented below. 
Effect of Layout on UML and Design Tasks
Our research question seeks to determine if stereotyped layouts are better than orthogonal layouts for comprehension tasks. We use the paired Wilcoxon nonparametric test to determine the better layout using a pair-wise comparison between the three layouts for both UML and design tasks. The results are shown in Table 4 .
For UML tasks, results indicate a significant difference between the orthogonal layout vs. the multicluster with the multi-cluster layout performing better (1-tailed p-value=0.0019). No significant difference was found between the orthogonal layout and the three-cluster layout. One of the reasons could be due to question 7 (in three cluster layout) which was classified as challenging since it was not answered correctly by most participants. After excluding question 7 and corresponding questions for the orthogonal and multi-cluster layout from the data set, we ran the Wilcoxon test again and did indeed get a significant difference (1-tailed p-value=0.0004) between orthogonal and three-cluster layouts with the threecluster layout outperforming the orthogonal layout. There is also a significant difference between the threecluster layout and the multi-cluster layout with the multicluster layout outperforming the three-cluster layout (1-tailed p-value<0.0001).
We do a similar analysis for design tasks. Results indicate a significant difference between the orthogonal layout vs. the three-cluster layout (1-tailed pvalue=0.005) with the three-cluster layout performing better. A significant difference between the orthogonal layout and the multi-cluster layout was also found (1-tailed p-value=0.0031) with the multi-cluster layout performing significantly better. No significant difference was found between the three-cluster layout and the multicluster layout. This suggests that for the design tasks, both three-cluster and multi-cluster layouts performed equally well. Based on the observations, we can reject our null hypotheses. From the debriefing questionnaire, we found low ability subjects stated that they needed more time and also found the questions somewhat difficult to answer. Overall, the subjects agreed that the questions were clear, realistic and the information in the class diagrams was understandable. They also considered stereotypes to be helpful while answering questions.
We collected subject's confidence level for each question to analyze the way subjects' rate each answer and whether this correlates with the subjects' selfassessment of their design and programming skills. Since the subject's categorization into ability level groups was based on the task scores, we wanted to validate this against the subjects' self-assessment of programming and design skills. The Spearman rank correlation between design skills and the average design task confidence level for all design questions (r s =0.46 pvalue=0.009) indicates a significant positive correlation between the two. No correlation was found between design skills and average UML task confidence for all UML questions. The Spearman rank correlation between UML scores and the average UML confidence level for all UML questions (r s =0.76 p-value<0.001) indicates a significant positive correlation between the two. The same is shown between design scores and average design task confidence level for all design questions (r s =0.79 pvalue<0.001). As expected, we found that high levels of ability in UML and design result in higher confidence.
Comparison to the Eye-tracking Study
The common goal between these studies is to find the layout that is most effective for two types of comprehension tasks. One major difference is the method of data collection.
We used online questionnaires instead of eye tracking equipment. The prediction, based on our previous work, was that the clustered layouts would result in better performance. This is proved using statistical significance tests in this study. The eye-tracking study did not produce such significance. Our subject classification resulted in the UML knowledgeable (UK) category that didn't exist in the eye-tracking experiment.
In this study, we used a bigger sample (n=29). This is a larger sample compared to our pilot study [1] (20 subjects) which was run as a between-subjects study.
The eye tracking study had 9 subjects. Several subjects in the eye-tracking study were familiar with Hippodraw's design or had used it before. In our study, we have a more varied sample with most subjects not familiar with Hippodraw. The eye-tracking study uses information about the average number of fixations for each question to determine the effort required by subjects. It compares this effort with the difficulty level of each question to determine if the effort is at the same, higher or lower level. They find the most effort required for orthogonal layouts. This differs from our study, where we determine the usefulness of stereotyped layouts using the accuracy of answers and statistical significance tests.
Related Work
Eiglsperger et al. [7, 8] present a topology-shapemetrics automatic layout method for class diagrams based on graph aesthetic criteria. Eichelberger et al. [5, 6] investigated the effect of object oriented design, cognitive psychology and human computer interactions on UML aesthetics criteria for class diagrams. No quantitative evidence has been shown for any of the proposed criteria. Gutwenger et al. [10] also propose an algorithm for layout of UML class diagrams that balances certain aesthetic criteria such as minimizing crossings and bends. Sun et al. [16] propose 14 key graph layout criteria for class diagrams based on the laws of perceptual theories. von Gudenberg et al. [18] propose an evolutionary algorithm for class diagrams. Inheritance and associations are evolved to determine their position. The disadvantage is that it is very slow.
Purchase at al. [12, 13] identified that the most important aesthetic preferences for class diagrams were minimizing crossings, minimizing bends, horizontal labels, joined inheritance arcs and more orthogonal layout. Kuzniarz et al. [11] [15] investigated the role and effect of domain stereotypes in the comprehension of class and collaboration diagrams in the telecommunication domain. They statistically prove that the use of stereotypes help in system comprehension. Ricca et al. [14] conducted a series of experiments to determine the usefulness of Conallen's stereotypes in class diagrams. Conallen's stereotypes did not help graduate students but did significantly help undergraduates with little experience in design. None of these studies dealt with the layout of class diagrams.
We are aware of only one other eye-tracking study by Guéhéneuc et al. [9] that investigates how software engineers obtain design information from class diagrams during program comprehension.
Conclusions
There are a number of threats to validity. Due to the within-subjects nature of this experiment, we avoid learning effects by asking a similar question for the three layouts. The questions were presented to each subject in a randomized order to further reduce any learning effect that might occur. Since the experiment was part of the subjects' grade in a course, they were sufficiently motivated to do well. We used students as subjects in our study. Many of the subjects worked with UML in academia and industry. The high ability group of students had real world experience in designing and maintaining software systems. We can liken this group of subjects to mid-level or senior level developers. The subject system we used is a real life system not a toy application. To ensure conclusion validity, we use the non-parametric paired Wilcoxon statistical test to determine significance of our hypotheses due to our small sample size.
This research replicates an eye-tracking experiment to study the effect of stereotyped class diagram layouts on UML and design tasks. Results show a significant improvement in performance when multi-cluster layouts were used, for UML and design tasks. The second best layout was the three-cluster layout for UML tasks with the orthogonal layout having the worst score in both task categories. The three-cluster and multi-cluster layouts performed equally well for design tasks. These results repeat, add, and validate the findings of the eye-tracking study, showing eye-tracking and online questionnaires to be complementary media of obtaining comprehension performance. In future work, we plan to investigate the interaction between subject ability and layouts using eyetracking methods and online questionnaires.
